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Highly efficient nonlinear optical (NLO) materials play essential roles not only in advanced modern technologies ranging from super-resolution microscopy and lithography to terahertz (THz) generation, but also in many daily life aspects such as telecommunication, signal processing and data storage [1, 2] . In particular, NLO materials with well-defined architectures on the (sub)wavelength length scales are regarded as the key materials for developing the next generation integrated photonic circuits [3] [4] [5] . Second harmonic generation (SHG) [6] is one of the most widely studied and used second-order NLO effects, in which two photons of incident light combine and generate a photon with doubled frequency and energy. It is usually generated when an intense pulsed laser beam interacts with a medium that has a high NLO hyperpolarizability, b, and equal importantly, a non-centrosymmetric geometry [7] . Two-photon excited fluorescence (TPF), on the other hand, is a nonlinear optical up-conversion process described by a third-order nonlinear optical two-photon absorption (TPA) mechanism [8] . Despite that inorganic NLO materials such as barium borate (BBO), zinc oxide (ZnO), and potassium dihydrogen phosphate (KDP) are well-established and widely used, organic NLO materials have been demonstrated to have various advantages, including high hyperpolarizabilities, structure diversities and eases of process [9] [10] [11] . In particular, the tailor-made molecular structures of organic NLO dyes allow for hierarchical self-assembled architectures on the micro-and nano-scales by multiple supramolecular interactions [3, 12, 13] . This results in subwavelength scale materials with very well-defined structures and therefore highly anistropic optical properties, serving as ideal building blocks for integrated photonic circuit applications [12, [14] [15] [16] [17] .
The optimization of organic NLO materials usually involves the introduction of electron donating and accepting groups into a p-conjugated molecule [11, 18, 19] . By optimizing the chemical structures of the electron donors (D) and acceptors (A) as well as the p-bridges, intramolecular charge transfer (ICT) processes of these D-p-A molecular systems are facilitated and, therefore, manifested as a boost in their NLO hyperpolarizabilities [20, 21] . However, such an optimization in the molecular structure does not always lead to materials with high NLO susceptibility. Particularly for a second-order NLO process, a non-centrosymmetric organization of the dye molecules in these materials is essential. This is particularly challenging because these D-p-A compounds have a strong tendency to self-organize in centrosymmetric ways driven by the dipole-dipole interactions [22, 23] . Recently, we have found that fluorenone based compounds are very promising building blocks for multifunctional materials, exhibiting both second-and third-order NLO responses, integrated with distinctive waveguiding behaviours [24] [25] [26] . These fluorenone derivatives, despite of having a moderate ICT characteristic, favor synergistic non-covalent interactions such as hydrogen bonds and C-HÁÁÁp interactions, leading to an accumulation of the molecular level NLO hyperpolarizabilities. The V-shaped geometry of fluorenone molecules results in different orientations of the transition dipole, m ge , and the change of the permanent dipole from the ground state to the excited state, Dm, each playing a key role in the optimization of highly efficient NLO molecular materials based on fluorenone derivatives. In this context, further exploration of novel fluorenone based NLO dyes and a precise correlation between the optical responses with their molecular and supramolecular architectures is essential. Here, we have studied the polymorphs of a phenylethynyl functionalized fluorenone derivative, namely bis(2-phenylethyn-1-yl)fluoren-9-one (PAFO, Scheme S1 in Supporting information), and its controlled self-assembly in microstructures with different morphologies. These polymorphic microcrystals exhibit very distinctive nonlinear optical properties, which are highly dependent on their electronic and supramolecular structures, as revealed by the detailed NLO examinations in combination with theoretical calculations.
The synthesis of the title compound PAFO follows the reported procedures [27] . The compound is yellow and dissolves well (> 5 mg/mL) in many common organic solvents such as toluene, dichloromethane (CH 2 Cl 2 ), chloroform (CHCl 3 ), tetrahydrofuran (THF), moderately ($ 0.5 mg/mL) in 1,4-dioxane, and poorly (<0.1 mg/mL) in highly polar solvents such as methanol (CH 3 OH), ethanol (EtOH), or acetonitrile (CH 3 CN). In this context, we are able to readily grow high quality single crystals from PAFO for X-ray diffraction (XRD) measurements via the liquid diffusion method. In a typical procedure, a concentrated solution of PAFO in CH 2 Cl 2 (5 mg/mL, 2 mL) was gently covered with CH 3 CN (5 mL) with a clear boundary between the interfaces of the good and poor solvents. After the complete diffusion of the poor solvent CH 3 CN into the good solvent CH 2 Cl 2 , PAFO precipitated as needle-like crystals. Single crystal XRD analysis reveals that in these crystals (referred to as the a-phase), PAFO molecules are organized in an orthorhombic Pca2 1 space group, belonging to a non-centrosymmetric 222 point group, with unit cell parameters of a = 12.3209 (Table S1 in Supporting information). The compound has two molecular configurations in the unit cells (Figs. 1a and b) . In one of the PAFO molecules, one of the phenyl rings is twisted from the fluorenone plane with a torsion angle of about 45.9 , while the other phenyl ring is nearly planar to the fluorenone moiety (torsion angle <2
). In the other PAFO molecules, both of the phenyl rings are twisted from the fluorenone plane, but with very different torsion angles (45.0 and 14. (5) , and g = 90 (Table S1 ). The PAFO molecules are in a bent configuration with a torsion angle of about 9. (Fig. 2d ) [28] , which is also the direction along which the PAFO molecules are packed via p-p stacking interactions in a J-type aggregation (Fig. 2e) . Well-defined micro-sized crystalline superstructures can be feasibly fabricated from the compound via simple solution based methods in a well-controlled manner. By using a re-precipitation method, in which the concentrated solution of PAFO in CH 2 Cl 2 (5 mg/mL, 200 mL) was injected into 5 mL of CH 3 CN under vigorous stirring, the compound precipitated as microrod structures with widths of a few micrometers and lengths of hundreds of micrometers, as shown in the SEM image (Fig. 3a) . If using a drop-casting method, in which the solution of PAFO in 1,4-dioxane (0.2 mg/mL) was drop-casted onto the glass or silicon substrate, microbelt structures with widths of a few micrometers, lengths of hundreds of micrometers and thicknesses of a few hundred nanometers were observed after evaporation of the solvent (Figs. 3b and c) . Powder XRD patterns of the as-prepared microstructures suggest that the microrods prepared by reprecipitation (solvents: CH 2 Cl 2 /CH 3 CN) belong to the a-phase polymorph of PAFO, while the microbelts prepared by drop-casting (solvent: 1,4-dioxane) belong to the b-phase (Fig. 3d) . In this context, the overall transition dipole summed up from those of the "zig-zag" oriented individual molecules, is along the [010] direction, which is perpendicular to the long axis of the microrods (Fig. 4e) . The b-phase microbelt however is grown along the [010] direction of the crystal (Fig. 4f) , which is the direction of the hydrogen bonded molecular chains of the solvent 1,4-dioxane [28] . Therefore, the transition dipole, being parallel to the molecular long axis (the crystallographic a-axis), is oriented perpendicular to the big-area surface, namely the (001) face of the microbelts.
With the clear pictures of the (supra)molecular and electronic structures of both microstructures as discussed above, we have studied the NLO properties of the single crystals of the microrod and microbelt morphologies using a home-built laser scanning optical microscope with a femtosecond laser pump at 800 nm (120 fs, 82 MHz) [24] . The incidence and detection angles were and TPF, respectively [24] . Both the microrod and microbelt are vertically aligned relative to the plane of incidence. The incidence pump was p-polarized for panels a) and b), and the power was 2.2 mW for panels a), c) and d). The pump wavelength was 800 nm.
both set at 45 , and the one dimensional (1D) microrod and microbelt were placed perpendicular to the plane of incidence. As shown in the NLO spectra (Fig. 5a ), both the a-phase microrod and b-phase microbelt exhibited strong TPF signals with a very similar spectral feature peaking at about 550 nm. Meanwhile, one can clearly notice a pronounced SHG signal at 400 nm in the spectrum of the microrod, as expected from the non-centrosymmetric structure of the a-phase crystals with the point group of 222 (space group: Pca2 1 ). The intensities of all these NLO signals from both the microrod and microbelt scaled quadratically with the incident power, demonstrating the two-photon nature of both SHG and TPF (Fig. 5b) . The polarization dependencies of the NLO signals of the 1D microstructures were studied relative to their well-defined supramolecular and electronic structures. The results, as shown in Figs. 5c and d , demonstrated that the SHG and TPF from both 1D microstructures exhibited the strongest signals when the excitation beam was p-polarized, which is perpendicular to the vertically oriented microrod and microbelt. This is in line with the welloriented transition dipoles of the microstructures of both the aand b-polymorphs of PAFO. The polarization ratio, r = (I max À I min )/ (I max + I min ), was determined to be 0.998 AE 0.001 and 0.938 AE 0.005 for the SHG and TPF of the microrod, respectively, in comparison to 0.694 AE 0.003 of that of the TPF of the microbelt. The very high polarization ratios of both SHG and TPF from the microrod are attributed to its well-defined supramolecular structure which leads to the very well-oriented transition dipole moments. The efficiency of the second-order nonlinearity of the PAFO microrods was evaluated by measuring their SHG intensity compared with that of inorganic material Y-cut quartz under the same measurement conditions. The results suggest that the PAFO microrods have a relative value of about 7.95 and 0.54 times to that of the Y-cut quartz at 740 nm and 800 nm, respectively.
In summary, we have studied the self-assembly of the polymorphic microstructures with different morphologies from a phenylethynyl functionalized fluorenone derivative PAFO, and investigated their distinctive nonlinear optical properties. The observed second-and third-order NLO responses of these microstructures are highly anisotropic, depending on their welldefined supramolecular and electronic structures. Our study highlights the importance of the supramolecular organizations for future design of molecular photonic materials. The dual NLO responses of the microstructures along with the very high polarization ratios promise the possible applications of these materials in future photonic circuits.
